Tunability of the fc-space Location of the Dirac Cones in the Topological Crystalline 

Insulator Pbi ^Sn^Te 



Y. Tanaka, 1 T. Sato, 1 K. Nakayama, 1 S. Souma, 2 T. Takahashi, 1 - 2 
Zhi Ren, 3 M. Novak, 3 Kouji Scgawa, 3 and Yoichi Ando 3 
1 Department of Physics, Tohoku University, Sendai 980-8578, Japan 
2 WPI Research Center, Advanced Institute for Materials Research, 
Tohoku University, Sendai 980-8577, Japan and 
^Institute of Scientific and Industrial Research, Osaka University, Ibaraki, Osaka 567-0047, Japan 

(Dated: January 8, 2013) 

We have performed systematic angle-resolved photoemission spectroscopy of the topological crys- 
talline insulator (TCI) Pbi-^Sn^Te to elucidate the evolution of its electronic states across the 
topological phase transition. As previously reported, the band structure of SnTe (a; = 1.0) mea- 
sured on the (001) surface possesses a pair of Dirac-cone surface states located symmetrically across 
the X point in the (110) mirror plane. Upon approaching the topological phase transition into the 
trivial phase at x c ~ 0.25, we discovered that Dirac cones gradually move toward the X point with 
its spectral weight gradually reduced with decreasing x. In samples with x < 0.2, the Dirac-cone 
surface state is completely gone, confirming the occurrence of the topological phase transition. Also, 
the evolution of the valence band feature is found to be consistent with the bulk band inversion 
taking place at x c . The tunability of the location of the Dirac cones in the Brillouin zone would be 
useful for applications requiring Fermi-surface matching with other materials, such as spin injection. 

PACS numbers: 73.20.-r, 71.20.-b, 75.70.Tj, 79.60.-i 



Topological insulators (TIs) materialize a new quan- 
tum state of matter where an unusual metallic state pro- 
tected by time-reversal symmetry (TRS) appears at the 
edge or the surface of a band insulator [l|, Q . The discov- 
ery of TIs triggered the search for new types of topolog- 
ical materials protected by other symmetries 0- 
a recent theory predicted the existence of "topological 
crystalline insulators" (TCIs) in which metallic surface 
states are protected by point-group symmetry of the crys- 
tal structure @; in particular, mirror symmetry leads 
to the topological invariant called mirror Chern number 
Such a TCI phase has been experimentally verified 
by angle-resolved photoemission spectroscopy (ARPES) 
experiments for narrow-gap IV- VI semiconductors SnTe 
[3, Pb0.eSn0.4Te [IH, and Pbo.77Sno.23Se [13, all hav- 
ing the same crystal structure shown in Fig. 1(a). In 
those materials, the topological surface states measured 
on the (001) surface consist of Dirac cones located at mo- 
menta slightly away from the time-reversal-invariant mo- 
mentum (TRIM) X point in the (110) mirror plane of the 
crystal [Fig. 1(b)]; since there are four X points on the 
boundary of the first surface Brillouin zone (BZ) , there 
are a total of four Dirac cones within it |1CH12| . This 
is distinct from the three-dimensional (3D) TIs whose 
surface states are characterized by an odd number of 
Dirac cones although the Dirac-cone surface states 
in TIs and TCIs are both produced by bulk band inver- 
sion caused by a strong spin-orbit coupling. Note that, 
due to the periodicity of the BZ, one always sees a pair 
of Dirac cones across X in TCIs, which leads to a charac- 
teristic "double Dirac-cone" structure involving a Lifshitz 
transition at high binding energies [1, [l(| . 

In contrast to the double Dirac-cone signature ob- 



served in the TCI phase, the ARPES measurements for 
isostructual PbTe [lo[ and Pb0.sSn0.2Te [ll[ revealed the 
absence of any surface states, which strongly suggests 
a trivial-to-nontrivial topological quantum phase tran- 
sitio n ( QPT) in the solid-solution system Pbi-^-Sn^Te 



and [lfj, This is in line with the established band di- 



agram of this compound which shows a band inversion 
somewhere near x ~ 0.3 [l 4 Il5| that is supported by 
band-structure calculations [9|, |l6j. However, it is still 
unclear how exactly the surface and bulk electronic states 
evolve as a function of Sn composition x, which would be 
useful for establishing practical understanding of TCIs. 
In fact, before Pbi-^Sn^Te became relevant in the topo- 
logical context, there were no ARPES studies of the evo- 
lution of its electronic structure in the mixed composi- 
tions despite the continued interest in this system in the 
semiconductor community [IB], [l(| . 

In this Letter, we report comprehensive ARPES stud- 
ies of Pbi-^Sn^Te with various Sn compositions (x = 
0.0, 0.2, 0.3, 0.5, 0.6, 0.8, and 1.0). The double Dirac- 
cone surface state persists in the whole TCI phase of 
x > 0.3, but surprisingly, the k position of the Dirac 
point (called Dirac momentum) was found to systemat- 
ically move within the mirror plane toward the X point 
with decreasing x. This means that one can tune the 
Dirac momentum, albeit in a limited range, by changing 
the composition in this system, which is new to a Dirac 
system. In addition, we were able to trace the bulk-band 
dispersion in the 3D k space, and found that the spec- 
tral signature is consistent with the band inversion at the 
QPT. 

High-quality single crystals of the two end-member 
samples SnTe (x = 1.0) and PbTe (x = 0.0) were grown 
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FIG. 1: (Color online): (a) Crystal structure of Pbi-^Sn^Te. 
(b) Bulk fee BZ and corresponding tetragonal (001) surface 
BZ. The (110) mirror plane is indicated by the green shaded 
area, (c) Mapping of ARPES intensity at Ef around the X 
point for x = 1.0, 0.5, 0.3, and 0.0 plotted as a function of 
in-plane wave vector (k x and k y ) measured with the He la 
line {hv = 21.218 eV) at T = 30 K. The intensity is obtained 
by integrating the spectra within ±10 meV of Ef. (d) Cor- 
responding near-i^F ARPES intensity along the TX cut. (c) 
Band dispersions derived from the second derivatives of the 
momentum distribution curves (MDCs) along the TX cut. 
The k location of the Dirac point (the A point) is indicated 
by white arrows in (e). (f) Comparison of the band dispersions 
extracted from the peak position of the second derivatives of 
the MDCs for x = 1.0, 0.5, and 0.3. 



by the modified Bridgeman method [llj, and the solid- 
solution samples {x = 0.2, 0.3, 0.5, 0.6, and 0.8) were 
prepared by a vapor transport method. High-purity ele- 
ments of Sn (99.99%), Pb (99.998%), and Te (99.999%) 
are used for the growths. The actual Sn content x in the 
grown crystals was measured by the inductively-coupled 
plasma atomic emission spectroscopy and was found to 
be always consistent with the nominal x (which is shown 
in this paper) within ±0.02. All the Pbi-^Sn^Te single 
crystals are single domain and show good crystallinity 
in x-ray Laue analyses. ARPES measurements were 
performed with the MBS-A1 and VG-Scienta SES2002 
electron analyzers with a high-intensity helium (He) dis- 
charge lamp at Tohoku University and also with tunable 
synchrotron lights at the beamlinc BL28A at the Photon 
Factory (KEK). To excite photoelectrons, we used the 
He la resonance line {hv = 21.218 eV) and the circu- 
larly polarized lights of 75-100 eV at Tohoku University 
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FIG. 2: (Color online): (a)-(c) Photon-energy dependence of 
near-i?F ARPES intensity map around the X point along a 
cut across the k point where the bulk VB is located closest to 
Ep at each hv, shown for x = 0.2, 0.5, and 0.8, respectively. 
(d)-(f) Comparison of the energy distribution curves (EDCs) 
at k y — extracted from the intensity plots for x = 0.2, 0.5, 
and 0.8, respectively. 



and the Photon Factory, respectively. The energy and 
angular resolutions were set at 10-30 meV and 0.2°, re- 
spectively. Samples were cleaved in situ along the (001) 
crystal plane in an ultrahigh vacuum of lxl0~ 10 Torr. 
All the measured samples present shiny mirror-like sur- 
face after cleaving, indicative of their high quality. The 
Fermi level (-Ef) of the samples was referenced to that of 
a gold film evaporated onto the sample holder. 

Figure 1(c) displays the Fermi-surface (FS) mapping 
around the X point of the surface BZ measured with the 
He la resonance line {hv = 21.218 eV) for Pbi_ 2 -Sn x Te 
with four representative Sn compositions x including 
both end members SnTe (a; = 1.0) and PbTc {x — 0.0). 
At x = 1.0, one can immediately notice a dumbbell- 
shaped intensity pattern elongated along the f X direc- 
tion {k x direction) with its intensity maxima located 
away from the X point. This feature arises from the dou- 
ble Dirac-conc surface state [l(| whose Dirac points are 
located at each intensity maxima (defined the A point), 
as one can see from the near-Ep band dispersion along 
the TX cut in Fig. 1(d) showing the band maxima on 
both sides of the X point. Such an "M" -shaped band 
dispersion is characteristic of the surface state since it 
is absent in the bulk-band calculations 0, [HI 17- ljjj. 
The M-shapcd dispersion and the dumbbell-shaped FS 
are also observed for x = 0.5, which signifies that the 
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FIG. 3: (Color online): (a), (b) x dependence of near-i?p ARPES intensity and corresponding EDCs, respectively, measured 
along the k y cut across the bulk VB top that can be accessed with hv = 78.5 eV. (c) Comparison of the EDCs at k y = 
[thick curves in (b)]. Black and red arrows denote the features stemming from the bulk VB and the surface state, respectively, 
(d) Plots of the A£Vb value (black circles) and the intensity at Ef (red circles) as a function of x. The intensity at Ef is 
normalized to that at the VB top. 



system still belongs to the TCI phase, although the in- 
tensity distribution around E-p appears to be weaker and 
broader than that for x = 1.0. At x = 0.3, however, 
the observed ARPES intensity looks different, and nei- 
ther the dumbbell-shaped FS nor the M-shaped disper- 
sion are clearly resolved. This is because the relative 
intensity of the bulk band gains strength and the sur- 
face band is becoming obscured. Nevertheless, we are 
still able to trace the surface-band dispersion by taking 
second derivatives of the intensity along the k x direction 
and, as shown in Fig. 1(e), the M-shaped dispersion is 
still discernible. This suggests that x = 0.3 is in the 
vicinity of the QPT but is still on the TCI side. In con- 
trast, the spectral feature for x = 0.0 looks substantially 
different. The near-Ep intensity is strongly suppressed 
and no Dirac-cone surface band is observed, reflecting 
the topologically trivial (ordinary) nature of PbTe [l(| ■ 

The most important feature found in Fig. 1 is the 
evolution of the surface state in the TCI phase. In par- 
ticular, as one can see in Fig. 1(e), the k position of the 
Dirac point in the BZ {i.e., the A point which we also 
call Dirac momentum) systematically moves toward the 
X point with decreasing x (see white arrows). A compar- 
ison of the extracted band dispersions shown in Fig. 1(f) 
further reveals that the slope of the Dirac cones (Fermi 
velocity) is essentially unchanged despite the systematic 
shift of the Dirac momentum. This peculiar evolution of 
the double Dirac-cone structure in the TCI phase is the 
main finding of this work. 

Since a topological phase transition must be accompa- 
nied by a band gap closing, it is useful to look for its sig- 
nature in the ARPES data. We have performed photon- 
energy dependent ARPES measurements for each x and 



determined the bulk-band dispersion along the k z (wave 
vector perpendicular to the surface) direction. The rep- 
resentative band dispersions obtained near the A point 
along the k y direction (perpendicular to the TX direc- 
tion) for selected x values (0.2, 0.5, and 0.8) are shown 
in Figs. 2(a)-(c). At x — 0.2, there exists a highly dis- 
persive band showing a holelike dispersion whose top is 
dependent on the photon energy; it is located at the bind- 
ing energy (-Eb) of 0.22 eV at hv = 92 eV, but it gradu- 
ally moves toward Ep (see white arrows) with decreasing 
hv. This trend can also be seen in Fig. 2(d) where the 
energy distribution curves (EDCs) for k y = measured 
with various photon energies from hv — 78.5 to 92 eV are 
overlaid, which clearly presents a peak shift. We found a 
similar trend for x = 0.5 [Fig. 2(b)], although the energy 
location of the band is quantitatively different. Similar 
to the case of x = 0.2, the prominent band at x = 0.5 
is attributed to the bulk valence band (VB) because it 
shows a finite k z dispersion [see also Fig. 2(e) for the 
peak shift in EDCs]. On the other hand, the k z disper- 
sion is not so obvious for x = 0.8 [Figs. 2(c) and (f)], 
likely due to the stronger surface-band intensity and rel- 
ative suppression of the bulk-band weight, as we discuss 
in more detail later. 

We have previously elucidated that hv ~ 78.5 eV hits 
to the right k z value to probe the L point of the bulk BZ 
projected to the X point of the surface BZ and, hence, is 
maximally suited to measure the top of the bulk VB in 
the 3D k space [l(J (note that the bulk FS is expected to 
be located at the L point in this system 18-2(|). There- 
fore, to elucidate the evolution of the bulk VB as a func- 
tion of x, we have measured all the samples with hv — 
78.5 eV along the k cut to cross the bulk VB top. Figures 



4 




AAA 




TCI Trivial 

FIG. 4: (Color online): Schematic picture of the energy band 
evolution around the X point in Pbi-^Sn^Te summarizing 
the present ARPES experiments. CB, VB, and SS denote the 
bulk conduction band, bulk valence band, and surface state, 
respectively. 



3(a) and (b) show the resulting near-iJp ARPES inten- 
sity and corresponding EDCs, respectively. We note that 
the features originating from deeper bands are observed 
at nearly the same binding energy in all the samples, 
suggesting that we can compare the positions of the VB 
top without taking into account the x dependence of the 
chemical potential within the experimental uncertainty 

Hi- 

At x = 1.0, we observe a highly dispersive holelike band 
which is attributed to an admixture of bulk and surface 
bands with dominant contribution from the surface state 
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near E F [10J,|20J. In fact, the EDCs for x = 1.0 exhibit 
a clear Fermi-edge cutoff which is a fingerprint of the 
metallic topological surface state. The Fermi edge can 
be clearly recognized down to x = 0.5 in the EDCs at k y 
= summarized in Fig. 3(c) for all the x values, and the 
intensity near Ep at x = 0.3 still suggests its existence; 
however, at x = 0.2 the Fermi edge is obviously gone, 
which points to the topological QPT at x c « 0.25. This 
critical x c can also be inferred from the discontinuous 
change in the Ep intensity across x c w 0.25 [Fig. 3(d)]. 

Thanks to this intensity reduction, the bulk VB be- 
comes more visible for smaller x, and the peak in the 
EDC due to the bulk VB contribution is marked by 
black arrows in Fig. 3(c) (the bulk band for x = 1.0 is 
not distinguished because the surface contribution is too 
strong). Note that, since those data were measured with 
hv ~ 78.5 cV, the peak position in Fig. 3(c) gives the 
energy location of the VB maximum, and intriguingly, it 
is clearly dependent on i; in particular, the VB maxi- 
mum approaches E-p as x is reduced toward x c , and then 
it moves away from Ep when x passes x c . This trend 
is summarized in Fig. 3(d) where the energy difference 
between the VB maximum and Ep, denoted AEVb, is 
plotted with error bars to take into account the finite k z 
and lifetime broadenings. The observed trend is consis- 
tent with the band inversion to take place at x c « 0.25. 
In view of this result, it is possible that the diminished 
intensity of the surface band near x c is caused by stronger 



intcrband scatterings promoted by the proximity of the 
bulk band. 

Based on the present ARPES experiments, one may 
draw a schematic picture of the band evolution in 
Pbi-^Sn^Te as shown in Fig. 4. The band inversion 
and the QPT takes place at x c « 0.25 which separates 
the TCI and trivial phases. The double Dirac-cone sur- 
face state is realized only in the TCI phase, in which the 
separation between the two Dirac cones, and hence the 
Dirac momentum, is dependent on x. 

Now we discuss the implications of the present exper- 
imental observations. The location of the Dirac cone in 
Pbi-^Sn^Te is found to be mobile in the fe space, and 
such a degree of freedom is obviously a unique feature of 
the mirror-symmetry protected TCIs, in contrast to the 
TIs where the Dirac point is bound to the TRIM. Intu- 
itively, the double Dirac-cone structure in TCIs is a result 
of the hybridization of two Dirac cones, because, on the 
(001) surface, two L points (which are each responsible 
for a surface Dirac cone due to the band inversion at L) 
are projected onto the same X point; therefore, the sepa- 
ration of the two Dirac cones can be taken as a measure of 
this "hybridization" . It is not clear at the moment what 
determines the strength of this "hybridization" , but the 
present result seems to suggest that it has something to 
do with the size of the bulk band gap. Obviously, our 
finding is of crucial importance for establishing a con- 
crete understanding of the physical mechanism to create 
the peculiar double Dirac-cone structure in TCIs. 

From the application point of view, the ^-dependence 
of the Dirac momentum means that one can "tune" it by 
controlling the composition. This is particularly useful in 
applications requiring Fermi-surface matching with other 
materials. For example, to achieve an efficient spin injec- 
tion, the Fermi-surface matching [i^] between the topo- 
logical surface state and a ferromagnet would be crucial. 
The possibility to tune the location of the Dirac cone 
means that one may match the Dirac cone to the Fermi 
surface of some particular ferromagnet, thereby increas- 
ing the spin injection efficiency. 

In summary, we performed systematic ARPES experi- 
ments on Pbi^^Sn^Te to elucidate the evolution of bulk 
and surface electronic states as a function of Sn concen- 
tration x. We found that the topological QPT between 
the TCI and trivial phases occurs at x c « 0.25 in this 
system and that the evolution of the energy location of 
the VB maximum is consistent with the band inversion 
taking place at this x c . We also found that the separation 
between the two Dirac cones located across the X point 
becomes gradually smaller as the QPT is approached in 
the TCI phase. 

We thank L. Fu and S. Murakami for helpful discus- 
sions, M. Nomura, T. Shoman, K. Honma, H. Kumi- 
gashira, and K. Ono for their assistance in ARPES mea- 
surements, and T. Ueyama and K. Eto for their assis- 
tance in crystal growth. This work was supported by 



5 



JSPS (NEXT Program and KAKENHI 23224010), JST- 
CREST, MEXT of Japan (Innovative Area "Topologi- 
cal Quantum Phenomena"), AFOSR (AOARD 124038), 
and KEK-PF (Proposal number: 2012S2-001). M. N. 
acknowledges financial support from Croatian Science 
Foundation (Grant No. O-1025-2012). 



[1] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 

(2010) . 

[2] X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057 

(2011) . 

[3] A. P. Schnyder, S. Ryu, A. Furusaki, and A. W. W. Lud- 

wig, Phys. Rev. B 78, 19512 5 (2008). 
[4] A. Kitaev, arXiv:0901.2686 
[5] Y. Ran, larXiv: 1006.54541 

[6] R. S. K. Mong, A. M. Essin, and J. E. Moore, Phys. Rev. 

B 81, 245209 (2010). 
[7] R. Li, J. Wang, X.-L. Qi, and S.-C. Zhang, Nature Phys. 

6, 284 (2010). 
[8] L. Fu, Phys. Rev. Lett. 106, 106802 (2011). 



[9] T. H. Hsieh et al, Nature Commun. 3, 982 (2012). 
[10] Y. Tanaka et al, Nature Phys. 8, 800 (2012). 
[11] S.-Y. Xu, et al, Nature Commun. 3, 1192 (2012). 
[12] P. Dziawa et al, Nature Mat. 11, 1023 (2012). 
[13] L. Fu and C. L. Kane, Phys. Rev. B 76, 045302 (2007). 
[14] J. O. Dimmock, I. Melngailis, and A. J. Strauss, Phys. 

Rev. Lett. 16, 1193 (1966). 
[15] B. A. Akimov, A. V. Dmitriev, D. R. Khokhlov, and L. 

I. Ryabova, phys. stat. sol. (a) 137, 9 (1993). 
[16] X. Gao and M. S. Daw, Phys. Rev. B 77, 033103 (2008). 
[17] Y. W. Tung and M. L. Cohen, Phys. Rev. 180, 823 

(1969). 

[18] J. S. Melvin and D. C. Hendry, J. Phys. C 12, 3003 
(1979). 

[19] P. B. Littlewood et al, Phys. Rev. Lett. 105, 086404 

(2010). 

[20] T. Sato et al, larXiv:1212. 58861 

[21] This is related to the downward band bending which 
somehow locates the Dirac point to be always slightly 
above the Fermi energy in TCI samples of Pbi-^Sn^Te, 
see Refs. [l(| and 

[22] T. Harada et al, Phys. Rev. Lett. 109, 076602 (2012). 



